Alzheimer's disease (AD) is a progressive and irreversible neurodegenerative disease. In humans, AD becomes symptomatic only after brain changes occur over years or decades. Three contiguous phases of AD have been proposed: (i) the AD pathophysiologic process, (ii) mild cognitive impairment due to AD, and (iii) AD dementia. Intensive research continues around the world on unique diagnostic markers and interventions associated with each phase of AD. In this review, we summarize the available evidence and new therapeutic approaches that target both amyloid and tau pathology in AD and discuss the biomarkers and pharmaceutical interventions available and in development for each AD phase.
Introduction
Alzheimer's disease (AD) is globally recognized as the most common form of dementia, with multiple studies projecting that by the year 2050, approximately 115 million people will be affected worldwide 1 . Due to the projected number of those affected, the economic, healthcare, and caregiver costs continue to have a place in public policy, but it is only recently that these issues are beginning to take a global center stage, especially in those regions of the world that are experiencing unprecedented increases in the life expectancy of their adult populations.
The burden of dementia is thought to disproportionately affect low-to-middle income countries. Fifty-eight per cent of all people with dementia worldwide live in these countries, and this number is expected to rise to 71 per cent by 2050. Estimates suggest that proportionate increases over the next twenty years in the number of people with dementia will be much steeper in low-and middle-income countries compared with high-income countries 2, 3 . Data compiled from the World AD report of 2010 noted a predicted 40 per cent increase in persons with dementia in Europe, a 63 per cent increase in North America, a 77 per cent increase in southern Latin America, and an 89 per cent increase in the developed Asian Pacific countries 4 . India, one of the most populous countries in the Asian Pacific region, is experiencing increased longevity among its adult population. According to the 2001 census, India was home to more than 76 million people aged 60 yr and older 5 . Although prevalence rates from distinct regional community-based studies of dementia in India have varied from 1.02 to 3.36 per cent in those above 60-65 yr of age are already approximately 1.5 million people affected by dementia in India, and this number is likely to increase by 300 per cent in the next four decades 12 . The challenges in India are similar to those of many low-to middle-income countries worldwide that are experiencing unprecedented increases in their populations that are ageing and developing dementia. Thus, to meet the needs of people with dementia worldwide, it remains of paramount importance to develop an infrastructure support system that supports health care workers in order to (i) incorporate the latest knowledge regarding diagnostic criteria for assessing cases of dementia and early detection of cognitive impairment, (ii) utilize a variety of different pharmacologic and treatment options while providing care, (iii) incorporate biomarker methods in clinical assessment when feasible and advisable, and (iv) implement evidence-based prevention strategies to entire groups or populations when available.
This review summarizes the latest biomarkers and pharmaceutical interventions available and in development for each AD phase, which ultimately may provide clues as to how to best utilize and integrate them in clinical practice.
Overview of the phases of Alzheimer's disease
Research activities regarding the prevalence of AD and its clinical and pathophysiological relationships have refined and altered the field's concept of AD, with longitudinal studies of age-related cognitive changes, using neuroimaging and neuropathology, confirming a marked temporal lag between the initiation of neuropathologic characteristics and the appearance of symptoms. In response to these findings, the National Institute on Aging (NIA) and the Alzheimer's Association (AA) convened working groups to gather expert opinions on the state of the field, which in 2011 culminated in the publication of a series of consensus reports on improved diagnostic strategies and fullspectrum disease characterization. Three contiguous phases, the AD pathophysiologic process, mild cognitive impairment (MCI) due to AD, and clinical AD dementia, were proposed [13] [14] [15] , not only to assist physicians in identifying diagnostic options, but also to provide a platform to develop primary prevention therapies ( Figure) 16 . (Table I) 13-17
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AD pathophysiological stage:
The AD pathophysiological phase is asymptomatic, and distinguishing this condition from the cognitively normal elderly continues to be challenging 18 . Although the guidelines by the NIA-AA workgroups identified this phase as a distinct stage of AD, the proposed guidelines did not establish specific diagnostic criteria that could be used in typical clinical settings 13, 14 . Rather, this stage is thought to reflect the period during which AD pathology may exist in persons who do not meet the criteria for either mild cognitive impairment or Alzheimer's disease, and who may or may not have clinical signs of subtle cognitive deficits 19 . The NIA-AA group's focus for this stage was to highlight the biomarker and developmental work that could help to track the onset and progression of mild cognitive impairment and AD, which is commonly hypothesized to proceed as follows: amyloidosis (Stage 1); synaptic dysfunction, stimulation of inflammatory processes, neuronal dysfunction, hyperphosphorylation of tau protein, accumulation of neurofibrillary tangles (NFTs) and neurodegeneration (Stage 2); and subtle cognitive changes (Stage 3) 17 .
Thus, the biomarker research conducted on this stage has been directed at identifying subtle but measureable signs that reflect increases in deposition and synthesis of amyloid beta (Aβ) and/or tau 20, 21 . Among the group of potentially useful biomarkers are those that measure changes in the cerebrospinal fluid (CSF) levels of a 42-amino acid form of Aβ, total tau protein, and phosphorylated tau at residue 181. Clinical research studies and assessment of these biomarkers have suggested that declining CSF Aβ42 levels can occur at least 20-25 yr prior to clinical dementia 22 .
Because of the extensive prodromal phase of AD, other earlier-stage, less-invasive biomarker techniques, namely amyloid and tau neuroimaging, are positioned to aid and facilitate early diagnosis 23, 24 .
Mild cognitive impairment (MCI): MCI due to AD, the second stage of AD, has become easier to identify over the years. 27 and decreased glucose metabolism in the posterior cingulate cortex 28, 29 .
AD dementia: AD dementia, the third stage in the continuum, shows a distinct presentation from the two earlier stages. This is often the stage with which 30 .
Early diagnosis and disease-modification therapies targeting specific disease mechanisms
The role of amyloid beta (Aβ) in AD research: Aβ appears to be involved in a variety of important functions in healthy subjects 31 . Among those functions are activation of enzyme kinases, regulation of cholesterol transport, mediation of synaptic plasticity, and pro-inflammatory activity [32] [33] [34] [35] . In addition to its deposition in and around neural elements of the brain, Aβ is thought to maintain the integrity of cerebral vascular membranes; disruptions in this function may underlie cerebral amyloidal angiopathy 36 .
In the early stages of AD, one of the first physiologic abnormalities is increased Aβ deposition in several neocortical areas, such as the prefrontal, bilateral superior medial frontal, and lateral temporal cortex. Aβ deposition begins before any outward clinical symptoms are noted, and the increase in amyloid plaque density and distribution is often accompanied by a variety of other neuropathologic and morphologic changes, including increased accumulation and production of NFTs, and loss of total brain volume and hippocampal volume [37] [38] [39] . Similar changes are also found in persons who are either in the AD-P stage or the MCI-due-to-AD stage of the disease [40] [41] [42] , with memory deficits correlating to the accumulation of Aβ deposition and NFTs in the temporal neocortex 43 . Neuroimaging correlation with 18 F FDG-PET imaging of persons with clinically-evident MCI has shown reduced perfusion in the temporoparietal cortex, while 18 F amyloid PET shows increased Aβ deposition in the posterior cingulate cortex 27, 28 . Lastly, the density and presence of Aβ aggregates have been noted in regions associated with executive function, processing speed, and verbal fluency 44 , and are pronounced in those with MCI that has progressed to clinical dementia 45, 46 .
The role of genetics in AD onset: Several studies have attempted to better and more precisely define the genetic pathways directly associated with the evolution of AD. Mutations in three genes are now known to be associated with dominantly inherited AD. Trisomy 21 and the amyloid precursor protein (APP) gene, found in Down syndrome, result in Aβ and NFT accumulation and early-onset AD 47 . Cross-sectional findings from Dominantly Inherited Alzheimer Network (DIAN) investigations 48 have demonstrated that in select groups of patients with autosomal-dominant genetic mutations in one of the three genes [APP or presenilin 1 or 2 (PSEN1 or PSEN2)], measurable changes in the brain can occur up to 20 years before the onset of clinical dementia 48 . In this select group, lower CSF levels of Aβ42 and accompanying higher tau protein were associated with dementia within three to four years 49 . DIAN also found that when increased Aβ42 in the blood was accompanied by decreased Aβ42 in CSF, amyloidal deposition in the brain and incidental AD were more likely 48 .
Numerous single nucleotide polymorphisms (SNPs) are also known to be associated with AD. Linkage studies performed approximately 20 years ago identified the first SNP 50, 51 . Individuals with one copy of the apolipoprotein E ε4 (APOE4) gene have a 2-3-fold increase in lifetime risk of AD, and those who are homozygous may have up to a 10-fold increased risk. Whereas those possessing one ε2 allele (APOE2) is associated with a lower risk of AD 52, 53 .
The precise mechanistic basis for this association remains obscure. It has been postulated that APOEmediated cholesterol transport plays a role in prompting Aβ accumulation 54 . Ongoing research to explore these genetic associations are now being embedded in ongoing clinical trials. Strategies to use specific samples such as people with a high genetic risk, are being developed to evaluate new treatment modalities in cohorts of APOE positive homozygous persons and those with other genetic markers.
The era of genome-wide association studies (GWAS), with tens of thousands of cases and controls assembled from cohorts worldwide, has yielded nearly 30 additional SNPs 55, 56 . The effects are quite small relative to the mutations and to APOE. However, these have yielded important new insights into the biology of AD. For example, a few of these SNPs are robustly related to pathologic indices of AD 57 . Rather, these appear in immune and inflammatory pathways. For example, CD33 is a singlet protein expressed on peripheral monocytes. SNPs have been associated with greater cell-surface expression of CD33 and reduced internalization of Aβ 58 . These monocytes appear in the human brain adjacent to amyloid deposits. Recently, genome-wide DNA methylation studies (MWAS) have been used to identify additional genes involved in AD 59 .
The role of biofluid biomarkers in AD research:
Diagnostic biomarker analysis is also being investigated in the evaluation of cognitive disorders and AD. As mentioned previously, the early stages of AD may be detectable in the CSF. The relative titre of molecular biomarkers found in the CSF, such as Aβ42 and tau, can help trace the early process of AD 60 . Although CSF samples can be obtained via spinal taps, these procedures are invasive, so these are difficult to conduct routinely and are not regularly used in early diagnosis in academic-and community-clinic-based settings.
Recent developments that aim at analysis of routine blood samples has shown some promise in providing a platform for early AD detection and monitoring. For example, AD-linked alterations in ceramides and sphingomyelins have been postulated to play a role in amyloidogenesis and inflammatory stress related to neuronal apoptosis. Several clinical studies suggest that these biomarkers may have reproducibility in assessing early-stage AD 61, 62 . Reduction of hypercholesterolaemia has been an area of interest in AD clinical trials and is another possible approach to AD detection and monitoring, as elevated cholesterol blood-level markers have been shown to be positively correlated to amyloid plaques in the brain 63, 64 . Changes in the cholesterol metabolismrelated gene expression in mononuclear cells from AD patients could have potential diagnostic implications, and blood samples stained with Oil Red O (ORO), a fat-soluble lysochrome dye used to identify neutral lipids, may help to distinguish healthy elderly patients from AD patients 65 .
The role of imaging biomarker technologies in AD research: Gross neurodegeneration can easily be seen on structural MRI, and these changes correspond to reduced glucose uptake on 18 F-FDG PET. However, from a clinical perspective, crude visual inspection of anatomical changes noted on brain scans is not sufficient to establish a probable AD diagnosis, and more advanced analysis methods are needed. Although imaging with 18 F-FDG PET is useful in highlighting typical hallmarks of AD (i.e. reduced regional metabolism) 27 , neuropathological findings demonstrate that AD pathology frequently coexists with other pathologies, making it difficult to attain diagnostic specificity with these structural and functional imaging methods 66, 67 . Recent developments and refinements in 18 F PET techniques, such as florbetapir PET imaging, have shown good agreement with autopsy-confirmed distribution and degree of Aβ pathology 68 .
Other developing Aβ imaging technologies include (E)-5-styryl-1H-indole and (E)-6-styrylquinoline derivatives, which are specific to labelling plaques and could potentially be used with single-photon emission computed tomography (SPECT) agents 69 and nearinfrared fluorescence (NIRF) imaging probes, such as the intravenous agent THK-265, which also binds strongly to cortical Aβ 70 .
The role of pharmacologic strategies in AD research: Conventional therapies to treat AD, such as cholinesterase inhibitors (ChEIs) and NMDA receptor antagonists, have not been shown to have a diseasemodifying effect or to impact the progression of AD over a prolonged period of time. As a result, novel treatments are being investigated and therapies are being designed to target or interfere with the amyloid cascade 71, 72 , tau production and processing, or focus on neurotransmitter or neuroprotective agents in various stages of development (Table II) [72] [73] [74] [75] [76] .
Amyloid-based treatments
The main mechanistic theory of AD is the amyloid hypothesis, according to which an imbalance in the production or clearance of the Aβ peptide results in accumulation of Aβ and initiation of a cascade of events leading to neurodegeneration and dementia 77 . This hypothesis has undergone an evolution, from one that was initially focused on the role of hard plaque in the development of disease and the removal of this plaque as the goal for disease-modifying drug development, to using specific soluble components of the plaques (oligomers and monomers) as potential drug targets. Thus, the latest anti-amyloid strategies comprise compounds with specific mechanisms of action, namely drugs that facilitate the clearance, inhibit the production, or prevent the aggregation of Aβ
.
The Aβ molecule is generated from the amyloid precursor protein and has multiple isoforms, comprising 36-45 amino acids with Aβ40 and Aβ42 isoforms, particularly tied to Aβ plaque deposition and AD 74 . Proteolytic cleavage of the Aβ precursor glycoprotein (AβPP) can be catalyzed by a series of secretase enzymes: (i) the alpha secretase cleaves AβPP within the intracellular region, preventing the formation and deposition of Aβ; (ii) cleavage of the amyloid precursor protein (APP) by β secretase produces a cell- 
Secretase-targeted treatments
The goal of secretase-targeted therapies is fundamentally to either slow or arrest the enzymecatalyzed steps that drive the formation of the pathogenic Aβ species 75, 76 . One approach involves enhancing the alpha secretase processing of APP, which in turn generates a soluble extracellular N terminal fragment and a C terminal transmembrane fragment (C83), which precludes formation and deposition of the Aβ [78] [79] [80] . Gamma secretase is the enzyme responsible for the final step in Aβ generation, and determines the length of the Aβ peptide and the ratio of Aβ42 to Aβ40. Clinical trials with gamma secretases (i.e. tarenflurbil, semagacestat, and begacestate) have been performed, and although initial results looked promising, the trials failed to meet clinical endpoints and reported significant haematological, gastrointestinal, and skin related side effects. Modulation of gamma secretase activity by non-steroidal anti-inflammatory drug (NSAID)-like agents has been postulated to reduce brain Aβ42 concentrations and to prevent cognitive deficits in animal models of AD; however, several NSAID enantiomers, such as R-flurbiprofen, have failed to demonstrate clear efficacy in reducing levels of Aβ in clinical trials 81 . Beta-secretase, otherwise known as the beta-site amyloid protein precursor cleaving enzyme (BACE 1), is thought to initiate the amyloidogenic pathway by cleaving the amyloid precursor protein.
Metabolic approaches
Alzheimer's disease can also be considered a metabolic disease in which brain glucose utilization and energy production are impaired [82] [83] [84] [85] [86] . Metabolic abnormalities have been linked to brain insulin and insulin-like growth factor (IGF) resistance with disruption of signaling pathways that regulate neuronal survival, energy production, gene expression, and plasticity 82 . Abnormalities in insulin-signaling in the human brain have also been linked to AD 87 .
On a functional basis, insulin/IGF resistance causes downregulation of target genes that are needed for cholinergic homeostasis, and it compromises systems that mediate neuronal plasticity, memory, and cognition. Small clinical trials suggest that intranasal insulin improves both memory performance and metabolic integrity in the brains of patients suffering from AD dementia or MCI due to AD 88, 89 . A larger clinical trial involving non-diabetic individuals is presently ongoing to determine whether or not insulin, when administered as a nasal spray, improves memory in adults with mild memory impairment or AD 90 .
Aβ aggregation inhibitors
The goal of this class of drugs is to inhibit Aβ aggregation, allowing for Aβ elimination or neutralizing the toxicity of the oligomers. One of the first aggregation inhibitors, tramiprosate (Alzhemed™), was reported to bind and maintain Aβ monomers in a non-fibrillary conformation to prevent the formation of neuritic plaques 91 . However, it did not show efficacy in a Phase III trial. Other trials examining scyllocyclohexanehexol (AZD 10, ELND 005) -a compound that competes with an intracellular messenger that stimulates Aβ aggregation, phosphatidylinositolhave also been performed. Initial findings showed that scyllo-cyclohexanehexol bound successfully to Aβ oligomers in a process that inhibited their aggregation and toxicity, and reduced plaque deposition and cognitive deficits 92 . However, this compound also failed to meet its endpoint in a Phase II trial.
APOE-dependent Aβ clearance
Another area of interest involves the role of APOE in Aβ clearance. Aβ clearance from the CNS is reduced by approximately 30 per cent in individuals with AD, and laboratory studies have suggested that APOE may facilitate clearance of Aβ peptides from the brain 93 .
Bexarotene, an antineoplastic skin cancer agent, was found to reverse AD and improve brain function in genetically engineered mice that exhibited AD-like symptoms. Investigators noted that after a single dose, 25 per cent of the toxic beta amyloid was removed from the mouse brains within 6 h 94 . Moreover, half of the plaques were removed 72 h later, and the mice began to show behavioural improvement. It is thought that bexarotene stimulated expression and higher levels of ApoE, which led to the intracellular clearance of beta amyloid. Human studies are planned for this drug to determine whether it crosses the blood-brain barrier and can, therefore, eliminate Aβ
94
.
Enzymatic clearance
Reduction of intracellular tissue plasminogen activation inhibitor 1 (PAI-1) increases plasminassociated Aβ proteolysis, providing a basis for Aβ clearance via enzyme activation. Other compounds, such as the receptor for advanced glycation end products (RAGE) and low-density lipoprotein receptor-related protein 1 (LRP1), have also been shown to modulate Aβ transport at the blood-brain barrier [95] [96] [97] .
Aβ immunotherapy
Multiple immunotherapeutic agents are now undergoing multiple clinical trials. The Phase III testing of AN 1791, a vaccine with pre-aggregated Aβ, was designed to elicit a cell-mediated immune response to Aβ plaque pathology 98 . However, inappropriate immune responses in clinical trials, leading to meningoencephalitis, stopped further development of this vaccine. Another study showed that while immunotherapy could attenuate Aβ plaque deposition in AD models, it was ineffective if deposition was already under way 99 .
Reports that immunization with aggregated Aβ42 attenuated AD pathology in animal models 100 led to the development of humanized serum immunologics, such as bapineuzumab, solanezumab, and intravenous immunoglobulin-G, specifically directed against Aβ [101] [102] [103] [104] .
Although the results from these studies were not overwhelmingly convincing of a disease-modifying effect, a number of agents exhibited a slight beneficial effect on cognitive endpoints in the mild to moderate AD groups, and solanezumab is now being actively tested in large-scale population-based studies of cognitively unimpaired persons.
Emerging strategies
Clinical trials focusing on disease modification and progression in AD have shown modest results, which have led to the development of new trials that focus on the preclinical stages of AD, with aggressive treatment at those stages. The prevention trials mentioned in Table III use biomarker profiles, cognitive endpoints, or a combination of both in cognitively unimpaired persons at risk for developing Alzheimer's disease, to guide the design of the study and the drug intervention (Table III) [105] [106] [107] [108] [109] [110] [111] .
The recently launched A4 study is a clinical trial of 1,000 older individuals who have evidence of amyloid plaque buildup in their brains on PET amyloid imaging and who may be at risk for memory loss and cognitive decline due to AD. The A4 study will test the anti-amyloid investigational drug, solanezumab, in older individuals who do not yet show symptoms of AD cognitive impairment or dementia, with the aim of slowing memory and cognitive decline. The A4 study will also test whether anti-amyloid treatment can delay the progression of AD-related brain injury on imaging and other biomarkers 106, 107 .
The Longitudinal Evaluation of Amyloid Risk and Neurodegeneration study (LEARN), a substudy of the A4 study, will focus on causes of cognitive decline besides the buildup of Aβ in the brain 112 . In this substudy, participants will have an amyloid PET scan to determine the buildup of tau protein in the brain. The LEARN subcomponent of A4 will follow the screen failures for the A4 study (i.e. participants over time who do not have elevated amyloid) and will determine which biological changes are related to cognitive decline, including possible later amyloid buildup as well as increases in tau levels, helping to demonstrate Another study that has been enrolling individuals since 2012, the DIAN Trials Unit (DIAN-TU, NIA U01AG042791) study, targets persons who are either known to have a genetic mutation that causes autosomal-dominant Alzheimer's disease or who are unaware of their genetic status but have a parent or sibling with a known genetic mutation. Investigators will test two experimental drugs to assess their safety, side effects, and effect on imaging and biomarkers. Subtle, early changes in cognition will also be evaluated, though participants at this disease stage are unlikely to have more than minimal changes in cognitive measures during the study. Because many at-risk individuals decide not to know whether they have an AD-associated genetic mutation, some of the participants in this study will not have the diseasecausing mutations. These "mutation-negative" individuals will be assigned to the placebo group. Mutation-positive individuals will receive one of two different therapies, gantenerumab or solanezumab, or a placebo 108 . Gantenerumab is a humanized monoclonal antibody that will be given subcutaneously every four weeks. Solanezumab, the other humanized monoclonal antibody used in this study (and in the A4 study), will be given as an intravenous infusion every four weeks.
Another study testing monoclonal antibody therapy in persons from a large extended family in Colombia, who carry the rare presenilin gene, is the crenezumab study by the Alzheimer Prevention Initiative (API) 109 . While brain swelling and tiny leaks of blood into the brain are seen with solanezumab (ARIA-E and ARIA-H), crenezumab, an injectable monoclonal antibody that targets the Aβ precursor protein in the brain, does not cause vasogenic oedema, so potentially larger doses of it can be given to patients. Study participants will be given regular injections of the drug or a placebo for at least five years. Utilization and measurement of traditional biomarkers employed in the two other large-scale studies, as previously discussed, will be employed in this study 113 .
The recently launched APOE4 Treatment Trial 110 will test whether two anti-amyloid drugs -an active immunotherapy or an oral medication (BACE inhibitor) -can prevent or delay the emergence of AD symptoms in persons at high risk for developing the disease. Participants in this study will carry two copies of the apolipoprotein E (APOE4) gene, which is linked to late-onset AD, and will be randomized to either the treatment arm or a placebo.
Finally, a global Phase III, five-year, double-blind, placebo-controlled study called the TOMMORROW study will also examine genetic risk-factor influence on developing MCI due to AD. This study will use a genetic-based biomarker risk-screen assessment and evaluate whether a low dose of pioglitazone (AD-4833), a currently approved diabetes drug, can delay the onset of MCI due to AD in cognitively normal persons at high risk, as determined by the group riskassignment algorithm 111 .
Clinical research and trials in India
Despite various metrics and surveys suggesting that India's relatively low operational costs and increasingly ageing population (most of whom are relatively naïve regarding treatments for dementia) could be harnessed to fuel a more rapid programme of clinical trial development and activity, the most recent review of the Clinicaltrials.gov database notes only a handful of clinical trials being conducted in India, with most sponsored by international pharmaceutical companies (Table IV) . Regulatory issues (i.e. prohibition of testing compounds developed in India on Indians with or without prior Phase I data) 114 , and difficulty in ensuring strict adherence to early-phase protocols and methodology, have been touted as hindrances in conducting early-phase clinical trials in India 115 .
Conclusions
The advent of disease-modifying agents in AD has heightened the importance of developing blood, CSF, and imaging markers of progression. Such markers will increase our knowledge of this disease and help provide prognostic information to patients, and may also provide cost-effective ways to identify therapies that slow AD as opposed to providing only symptomatic benefit. These advances, however, do not come without some risks and limitations. Early diagnosis in persons with full insight can lead to catastrophic reactions upon disclosure of a risk for developing the disease. Access to new treatments will be restricted by the studies' inclusion and exclusion criteria, availability of infusion services, and access to MRI and neurology resources for short-term complications. Several countries have already called for and put forth national plans to address the burden of dementia. With organizational pathways in place and additional funding to support these activities, there is a good chance that national and international strategies for AD diagnosis, treatment, and prevention may yield better tests and effective medications to prevent and treat this disease. Only through continual investment in research and cost-effective approaches to diagnosis, treatment, and care can future societal costs be anticipated and managed. 
